In vitro assimilate uptake and metabolism were evaluated in embryos of known age isolated from seeds at mid-podfilling through physiological maturity. The capacity of isolated Wye soybean embryos to take up exogenous ['4Cjsucrose dropped nearly 4-fold in less than 1 week at incipient cotyledon yellowing. This drop in rate of sucrose uptake coincided with cessation of seed growth as well as rapid decline in leaf photosynthetic rate that preceded leaf yellowing. Conversely, the rate of j3Hjglutamine uptake by cotyledons increased as they yellowed. Yellow cotyledons also rapidly converted exogenous VFHjglutamine to ethanolinsoluble components, but converted little exogenous 1'4Cjsucrose to ethanol-insoluble components, primarily because of greatly reduced sucrose uptake. Sustained import and metabolism of amino acids remobilized from senescing leaves may prolong seed growth beyond loss of photosynthetic competency and sucrose availability.
Studies of grain filling in several cereal crops have indicated that the end of photosynthate import and grain growth is related to the crushing of specific cells involved in photosynthate import and the formation of an impenetrable black layer in the hilum region (4, 5) . Perhaps in a similar manner, the phloem terminus in soybean seed coats may be crushed as the cotyledons mature (3) . From studies of the import of '4C-labeled assimilates into developing soybean seeds, Tekroni et al. (12) concluded that transport in vivo essentially ceased at about the time that the seed coat color changed from green to yellow. Developmental studies by Konno (8) support this conclusion. However, the work ofBenner and Nooden (1) suggests that the loss ofphotosynthetic competency in the leaves rather than the loss of transport capacity may terminate assimilate import and seed growth. The present study was designed to determine if the cessation of seed growth is due principally to the loss of leaf photosynthetic competency and its supply of assimilates to the seed, or instead to changes in the capacity of maturing cotyledons to import and metabolize these assimilates.
MATERIALS AND METHODS
A uniform population of soybean plants (Glycine max (L.) Merr, cv Wye) was We determined the fresh weight, respiration rate, and dry weight of freshly dissected fruit tissue. Respiration rates were determined from CO2 production by known weights of pods, seed coats or embryos in sealed containers at 260C using IR gas analysis of small samples withdrawn by syringe. We also determined the uptake and metabolism of '4C-labeled sucrose or 3H-labeled glutamine in embryos freshly isolated at given periods after flowering (2, 11, 15) . Seeds were frozen, lyophilized, dry weight determined, the relative '4C or 3H determined by combusting one cotyledon in a biological oxidizer (15) . Photosyn Figure 2 illustrates the mean photosynthetic rates of upper, fully illuminated leaves on 10 representative plants measured at various times during seed development. These data show a very precipitous decline of photosynthetic rate in these leaves at approximately 36 DAF. Preceding this decline was a 10-d period of rather constant photosynthetic rate, an observation not reported in this cultivar by previous workers (18) , apparently because of less frequent sampling. This trend of precipitous decline at about 36 DAF was consistent in both experiments, although the initial rate of photosynthesis was higher in one experiment than the other. This senescent decline in photosynthetic capacity of the uppermost leaves occurred while they were still green, consistent with observations of Wittenbach et al. (18) . We assume that the photosynthetic rates of lower, older leaves declined before that of the uppermost leaves.
As the photosynthetic rate of the uppermost leaves declined, so too did the rate of ['4C]sucrose uptake by cotyledons isolated from these plants. Figure 2 illustrates that the uptake of 25 mm ['4C]sucrose declined from about 5.0 ,mol g FW-'h-' to about 1.75 ,umol g FW-'h-' during the same 10-d time period. From these data, it is impossible to determine if the decline of both began on the same day. During this period, the cotyledons changed from green (35 DAF) to yellow-green (40 DAF) to fully yellow (46 DAF). Unlike sucrose, the uptake of exogenous 3H-labeled glutamine did not decline as the cotyledons yellowed and the canopy senesced (Fig. 2) . Uptake of 2.5 mm glutamine increased about 40% from 1.1 to 1.9 umol g FW-'h-' during this 10-d period. Uptake in the presence of the inhibitor FCCP showed no such increase (data not shown), suggesting that increased membrane permeability was not responsible. Since the uptake rates shown in Figure 2 were all obtained at one concentration, further experiments were needed to determine the extent and basis for the observed changes. (9, 15) . The presence of FCCP in the incubation medium reduced uptake by more than 60%. At all concentrations of sucrose, the uninhibited rate of sucrose uptake by 35 DAF cotyledons was nearly 3-fold greater than the uptake rate by 49-d-old, yellow cotyledons. As with the green cotyledons, uptake into yellow cotyledons appeared to be biphasic, and was reduced about 50% by the inhibitor FCCP. Table II compares the rate of uptake of dilute [3H]glutamine (0.5 to 5.0 mM) in cotyledons isolated 35 DAF (green) and 49 DAF (yellow). In these experiments, the fully yellow cotyledons took up glutamine 40% faster than younger, green cotyledons at all concentrations below 5 mM. Uptake by both age sets was reduced more than 50% by the presence of FCCP in the incubation medium. The uptake of dilute glutamine in green cotyledons was linear with concentration, consistent with previous reports (2, 1 1) although there was some indication of curvilinearity at higher concentrations with yellow cotyledons.
Uptake of several other amino acids followed the same pattern as that ofglutamine (Table III) (9, 15) . Metabolism of absorbed sucrose occurs only slowly (15) . Although glutamine uptake has been shown to be linearly dependent on concentration (2, 11) , these studies indicate that about half of the uptake is energy dependent (Table II) . We examined sucrose and glutamine uptake by both green and yellow cotyledons to determine the contribution of solute metabolism within the cells to energy-dependent uptake. incorporation, where several hours were necessary before 10% of the label had been incorporated into the ethanol insoluble fraction (Fig. 3) . Incorporation of the soluble 3H fraction (1000 dpm mg:' initially) into ethanol insoluble components in 46-dold cotyledons occurred about as rapidly as in 35-d-old cotyledons (Fig. 4) , although the initial level of soluble label was much lower than we would have expected from other experiments.
DISCUSSION
Canopy photosynthesis and sucrose production declines late in seed development due to the degradation during senescence of key photosynthetic enzymes preceding the loss of Chl (18) . This initiates an extensive remobilization of N, primarily from the leaves (6), but also from the stems, podwalls (19) , and roots (JH Thorne, unpublished data). Approximately 33 to 100% of the N in mature soybean seeds is derived from remobilization from other tissues (6, 17, 19) suggesting that, during this period, significant changes may occur in the relative concentrations of sucrose versus specific amino acids in the phloem.
Nourishment for soybean cotyledon development and storage product formation is derived from the phloem solutes unloaded within the seed coat and subsequently released to the freespace separating these maternal and embryonic tissues (14, 16) . Sucrose, the principal sugar released (>95%), is present in the freespace between the cotyledons and the seed coat at a concentration of 150 to 200 mm during midpodfilling (7). Glutamine is the major source of N (53%) transported to the seeds in vivo for cotyledon growth during this stage, although asparagine and other amino acids are present in lesser amounts (1 1) . Glutamine also appears to be the most efficient N source for protein synthesis (1 1, 13) . Similarly, no nitrogen source was more effective than glutamine in supporting growth and maturation of seeds cultured in vitro (10 The pronounced decline in sucrose uptake capacity paralleled a similar drop in photosynthesis and seed growth rate, both prior to leaf or cotyledon yellowing (Fig. 2) . Work by Konno (8) demonstrated that leaf yellowing often preceeds the rapid decline in water content of seed coats and cotyledons that accompanies seed maturation (Fig. 3) (8) . This suggests that important unloading and transport functions of the seed coat may also cease about the same time that photosynthetic production of sucrose ceases and uptake capacity is lost. It was not possible from these data to determine the extent to which these occurrences are causally related.
In this study, a pronounced decline in the rate of sucrose uptake in cotyledons in vitro coincided with seed yellowing and cessation of ethanol-insoluble storage product formation (Fig. 4) and seed growth (Fig. 1) . The limited conversion of ['4C]sucrose to ethanol-insoluble components appeared to be due primarily to greatly reduced sucrose uptake.
More difficult to rationalize is the modest increase in glutamine uptake capacity observed at later stages of cotyledon development (Fig. 2 , Table II) . Along with glutamine, there is a similarly enhanced uptake of methionine, leucine and glutamate late in cotyledon development (Table III) . This maintenance (and enhancement) of uptake is temporally related to leaf senescence, and would appear to permit the yellow cotyledons to continue to accumulate amino acids, C and N, and dry weight beyond the cessation of sucrose import. The rapid conversion of ['H]glutamine into ethanol-insoluble products (Fig. 4) and high conversion efficiency, 0.7 at 40 h in the 46-d cotyledons versus 0.27 in the 35-d cotyledons, points to a maintained metabolic activity. Clearly this appears to be of significance to seed development, for much of the final N in soybean seeds is obtained by remobilization from other tissues (6, 17, 19) . Thus, although glutamine is the principal amino acid delivered to developing cotyledons by the maternal seed coat at midpodfill, the relative composition of incoming assimilates may change late in seed development as leaf senescence occurs. This may also contribute to the duration of seed growth and formation of specific storage products, for Obendorf and Wettlaufer (10) reported that the growth rate and maximum accumulation of dry weight of soybean seeds cultured in vitro is related to glutamine concentration in the medium and not to sucrose concentration or C:N ratio.
The choice of soybean cultivar (Wye) permitted compression of reproductive growth into easily monitored developmental stages. Additional studies will be needed to determine if these conclusions apply in a general fashion to other, indeterminate cultivars, or are unique to similarly determinate cultivars.
